ABSTRACT: We determined the fatty acid (FA) composition of the blubber of 82 New Zealand (NZ) sea lions caught as squid fishery by-catch between the years 2000 and 2006 on the Auckland Islands (51°S, 166°E) shelf. A combination of univariate and multivariate analyses showed significant variation in the FA composition between sexes and years. Blubber FA compositions of some males differed significantly from that of females, whereas blubber FA compositions of lactating (LF) and non-lactating females (NLF) were similar. Significant annual FA variation was revealed between the pooled years 2005/2006 and the previous years and between 2000 and 2004. Part of these differences can be attributed to different diets. Indeed, FA variation between the sexes suggests that males feed on deeper species than females, which is consistent with the current knowledge on the different diving behaviours between male and female otariids. Concerning annual variation, NZ sea lions are generalist predators, thus their diet is expected to follow the trends of prey stock availability. Nonetheless, FA metabolism is likely to cause some of the FA variation seen between sexes and years, because the deposition and mobilization of FAs would vary according to the nutritional and reproductive states of the individuals.
INTRODUCTION
Pinnipeds are amphibious mammals balancing their time between land, for breeding, nursing, resting and moulting, and sea, where they search for food. However, different species use different strategies for breeding and foraging. Otariids are 'income breeders', with lactation periods of several months to several years during which lactating females (LF) alternate between nursing pups on land and foraging at sea (Costa 1991) . They are considered 'central place foragers', optimising the time and energy costs of foraging with the need to return frequently to the colony to feed their dependent pups (Orians & Pearson 1979) . Thus LF would be expected to forage as close to the rookery as possible provided that enough energy can be obtained from prey to compensate for the energetic cost of the return trip (Orians & Pearson 1979) . In contrast, male otariids and non-lactating females (NLF), without the constraints of a dependent offspring, would be expected to forage in the most productive regions, which may be further from the colonies than the foraging grounds of LF. Further-more, male otariids are often twice the mass of females, giving them the ability to dive longer (Costa 1991) , but have higher metabolic requirements, which they may satisfy by consuming more of the same food eaten by females or eating a different diet with a higher calorific content. It is possible that these differences in reproduction investment and body size between sexes could give rise to sex-specific foraging strategies and consequently differences in the composition of the diet between the sexes and between females of different reproductive status.
Little is known about how gender influences foraging behaviour or diet of otariids. Indeed, most foraging studies on otariids focused on LF because they are a critical component of the population and easily accessible while lactating. For 6 species where male foraging patterns have been studied, they tend to have longer foraging trips and deeper dives than the female counterparts (Arctocephalus gazella, Green et al. 1997 , Boyd et al. 1998 , Staniland & Robinson 2008 ; Otaria flavescens, Campagna et al. 2001 ; Eumetopias jubatus, Raum-Suryan et al. 2004 ; Arctocephalus forsteri, Page et al. 2005a ; Arctocephalus pusillus doriferus, Kirkwood et al. 2006 ; Zalophus californianus, Weise et al. 2006) . Dietary studies comparing gender are even more scarce (Koen Alonso et al. 2000 , Page et al. 2005b , Beck et al. 2007 ), probably because the most common method for studying the diet of pinnipeds is the analysis of faeces collected on haul-outs or rookeries, where the identity of the animal or its gender are generally unknown.
New Zealand (NZ) sea lions Phocarctos hookeri have a restricted breeding range, with 86% of the pups being born at the Auckland Islands (51°S, 166°E) (Chilvers et al. 2007 ). To date, LF are the only segment of the population for which foraging and diving behaviours are known and this only over the summer (Chilvers et al. 2005 . Stomach contents of NZ sea lions bycaught by the squid fishery at the edge of the Auckland Islands shelf indicate that females and males feed on the same prey with minor differences in the proportions (L. Meynier unpubl. data), but stomach data provides only a snapshot of the most recent meals, which may underestimate sex differences in the diet, if they exist.
In contrast to analyses of stomach contents and faeces, fatty acids (FAs) of adipose tissue have the potential to reflect the dietary intake over ecologically significant periods, i.e. several weeks to months depending on the tissue turnover (e.g. Kirsch et al. 1998 Kirsch et al. , 2000 . The underlying principle is the assumption that long-chain FAs in prey species are conservatively deposited into the adipose tissue of the predator, thereby providing biochemical signatures with which prey species can be identified. Although advantages over traditional methods have been pointed out, the inference of diet from FA profiles of an animal is not straightforward. Indeed, the FA composition in the blubber is the result of complicated processes of deposition from dietary lipids, differential metabolism and biosynthesis de novo. Moreover, stratification of FAs has been observed (e.g. Arnould et al. 2005 , Montie et al. 2008 , and rates of mobilisation can vary according to the nutritional and reproductive states of the animal (e.g. Andersen et al. 2004 , Wheatley et al. 2007 , Montie et al. 2008 . However, despite the multiple origins of FA variation in adipose tissue, FA analysis has been used extensively to investigate the diets of pinniped species (e.g. Käkelä & Hyvärinen 1998 , Brown et al. 1999 , Walton et al. 2000 , Lea et al. 2002 , Staniland & Pond 2005 , Beck et al. 2007 .
The aim of the present study was to investigate the potential of analysing the blubber FA profiles of NZ sea lions by-caught by the squid fishery during the beginning of the lactation period (February to May) as a means of assessing dietary differences between sexes and years. It was hypothesized that the postbreeding diet of LF would differ from the other groups, given that foraging trips of LF are restricted in time and distance by the need to nurse their pups.
MATERIALS AND METHODS
Tissue collection. Since 1997, NZ sea lions captured accidentally in the squid fishery (operating from February to May each year) have been frozen onboard and sent frozen to Massey University, NZ, for necropsy. During each necropsy, a full-depth 60 mm 2 piece of blubber (including skin and some muscle) is cut from the pectoral area and stored in a plastic bag in the freezer (-20°C). All blubber samples in the present study were taken from the mid-sternal region to be comparable, as FA profiles can vary with the location around the body (Arnould et al. 2005) . Moreover, stratification can occur in the blubber of pinnipeds (e.g. Best et al. 2003 , Arnould et al. 2005 , Wheatley et al. 2007 , thus the complete blubber core was analysed. During necropsy, females were categorised as either NLF or LF by the examination of the mammary gland for development and presence of secretion. The individuals included in this study were all mature as determined by visual examination of the ovaries and histological examination of the testes (details in Duignan et al. 2003) .
Laboratory methods. Lipids from blubber were extracted following Folch et al. (1957) , using a chloroform:methanol:water mixture. Ca. 0.5 g of blubber (whole core) was sub-sampled from the bulk sample and homogenised in 15 ml of chloroform:methanol (2:1, vol:vol) containing 0.01% butylated hydroxytoluene (BHT) as an antioxidant. The extract was fil-tered and washed with 1% sodium chloride to a final ratio of 8:4:3 chloroform:methanol:saline water (v:v:v). The organic phase was then dehydrated over anhydrous sodium sulphate. Finally, the lipid extract was dried in a rotary evaporator at 38°C and weighed.
FA methyl esters (FAMEs) were prepared directly from 30 mg of the pure extracted lipid using 1.5 ml of toluene and 1.5 ml of 10% boron trifluoride in methanol (methylating reagent). Each extract was capped under nitrogen and heated at 50°C for 14 to 19 h (overnight). Esters were then extracted into hexane and stored over anhydrous sodium sulphate at -20°C before chromatographic analysis.
Analysis of FAMEs was carried out using temperature-programmed gas-liquid chromatography performed with a Shimadzu Gas Chromatograph GC-17A (Shimadzu Scientific Instruments) equipped with a flame ionisation detector and fitted with a 30 m × 0.25 mm i.d. column (50% cyanopropyl polysiloxane, 0.25 µm film thickness; J&W DB-23). Helium was the carrier gas. FAMEs (1 µl) were injected manually in split mode (1:50) at an injection port temperature of 250°C. The detector temperature was set at 270°C. The temperature of the oven was programmed to stay at 140°C for 4 min, rise to 190°C at 25°C min . FA components were identified by comparison of retention time data to authentic (Nu-Chek GLC standard 68D, Supelco 37 FAME mix, Matreya menhaden oil) and laboratory standards (cod liver oil). Cod liver oil was used in every series of runs to determine accurate retention times. Nu-Check 68D was injected regularly to check the quantitation of each FA. Peak areas were measured by a computerized integration system attached to the gas chromatograph (CLASS-VP version 7.3, Shimadzu Scientific Instruments). Each chromatogram was checked to ensure correct identification. The identification of some minor peaks was uncertain, and these were not included in the final normalisation. FAs were designated by the shorthand notation of carbon chain length:number of double bonds and location (n-x) of the double bond nearest to the terminal methyl group. Theoretical response factors calculated according to Ackman & Sipos (1964) were used for the quantitation of FAs expressed in mass percentages.
Statistical methods. FAs were expressed as a percentage mass of total FAs and they were ln-transformed as advised by Budge et al. (2006) A first GLM was applied to the transformed FA compositions with year and sex as independent variables. A second GLM was used on the principal components (PCs). The Tukey test was used for post-hoc multiple comparisons. Finally, the DFA requires that the number of samples (sea lion blubber) per group exceeds the number of variables (FAs) to minimize the heterogeneity of covariance matrices and to avoid overfitting (Budge et al. 2006) . Because the number of samples per year was too small to run a DFA, we limited this analysis to the sex category, and the number of FAs was reduced to satisfy the requirement stated above: the smallest group among sex categories was NLF with 23 ind., therefore a set of 20 FAs was selected from the original set of 30 FAs, with the highest absolute PC loadings. After re-normalisation of the FA percentages, a linear DFA with cross-validation was performed.
All statistical tests have an α level of statistical significance of 0.05, and all averages were followed by the standard deviation (SD). Since the blubber thickness may have an influence on FA profiles, the average blubber thickness was calculated and tested for differences between each category by an ANOVA on logtransformed data.
RESULTS

Composition of the sample set
In total, 82 blubber samples were analysed from 51 female and 31 male sea lions by-caught between February and May every year from 2000 to 2006 (Table 1) . Although mature, the majority of the males caught were not over 200 kg (average 167 ± 60 kg) and were considered to have been non-territorial animals during the breeding period (mid-December to midJanuary). The sex categories were not all represented within the last 2 yr, thus 2005 and 2006 were pooled for univariate and multivariate analyses.
Overall thickness of sea lion blubber averaged 28 ± 11 mm and was similar among sex categories (Table 1) 
Overall blubber FA composition
Although 38 FAs were originally identified, only 30 FAs ranging from 14:0 to 22:6n-3 were used (Table 2) , representing 99.4 ± 0.2% of the total. The 8 FAs removed were either short-chain FAs (<14 carbons), known to come primarily from endogenous biosynthesis (Budge et al. 2006) , or FAs for which the identification was not certain.
Average FA composition of sea lion blubber is shown in Table 2 . The FAs in greatest concentration in order of importance were 18:1n-9, 16:0, 22:6n-3, 20:1n-9, 16:1n-7, 14:0, 18:1n-7, 22:5n-3 and 20:5n-3, accounting for ca. 85% of the total FAs in the blubber. Monounsaturated and polyunsaturated FAs accounted for ca. 1 ⁄2 and 1 ⁄4 of the total, respectively. A PCA using a correlation matrix was run on lntransformed data to assess the most important FAs explaining the variance between FA profiles. The first 3 PCs accounted for 65% of the total variation in blubber FAs. The FAs with the greatest influence on PC1 were 18:1n-5, 16:1n-7, 20:4n-3, 18:2n-6 and 22:6n3, with the last 3 coming primarily from the diet. High loadings in the other PCs were attributed to 22:1n-9, 22:1n-11, 15:0, 22:5n-6 and 16:3n-4 on PC2 and 18:4n-3, 14:0, 20:4n-6, 22:5n-6 and 17:0 on PC3, all of which are derived primarily from the diet with the exception of the 3 saturated FAs.
Temporal and sex differences in FA profiles
The GLM on FA percentages showed significant differences in the percentages of 11 FAs between sex categories and 17 FAs between years (p < 0.05, Table 2 ). There was an interaction between the 2 factors for only 2 FAs, 20:5n-3 and 22:5n-6, which involved the only male in years 2005/2006 being segregated from the other groups. The percentages of 14:0, 18:1n-5, 20:1s, 22:1n-11, 18:4n-3, 20:4n-3, 20:5n-3, 21:5n-3 A DFA was run on the 20 FAs with the highest PC loadings (noted in bold in Table 2 ). The classic analysis gave an overall percentage of correct classifications of 76%, while with cross-validation this result was lowered to 54%. This sizeable difference between the percentages was interpreted as too many predictors (FAs) in the analysis (Walton et al. 2000) . Thus, we lowered the number of variables for a second DFA by choosing 10 FAs only (noted by an asterisk in Table 2 ), with the highest absolute coefficients on the discriminant functions generated by the first DFA. The new DFA gave an overall percentage of correct classification of 66% with the classification matrix and 55% with cross-validation. The discriminant function plot showed that some male FA profiles differed from female profiles along the first discriminant function (Fig. 1) mainly because of differences in the proportions of 20:1n-9, 22:1n-11 and 16:3n-4. The percentage of correct classification for males was 68%. No difference was apparent between the 2 groups of females. 
DISCUSSION
The diet of the NZ sea lion and its variation has been studied through the analysis of stomach contents and faeces (Lalas 1997 , McMahon et al. 1999 , Childerhouse et al. 2001 , but these methods are subject to biases encountered with the recovery of prey hard parts. Since the 1960s, FAs have been used as food tracers in marine trophic webs, allowing dietary variation to be examined among marine individuals (e.g. Ackman & Eaton 1966 , Kirsch et al. 1998 , Staniland & Pond 2005 , Beck et al. 2007 ). The present study is the first report of the FA composition of the NZ sea lion's blubber. FA compositions revealed some significant differences between females and males, and from the years 2000 to 2006, which may be attributed, at least in part, to differences in their diets. However, FA deposition and mobilisation in the blubber, and hence its FA composition, can vary according to the nutritional and reproductive states of the animal (Andersen et al. 2004 , Wheatley et al. 2007 , Montie et al. 2008 . Thus, part of the FA differences between the sex categories is likely to be the result of differential metabolism.
Limitations of the study
Blubber samples were stored at -20°C tightly wrapped but nonetheless under air for up to 5 yr, which may have resulted in some oxidation of unsaturated FAs on the outside of the sample (Whiteley et al. 1992) . Consequently lipids for analyses were extracted from a core taken from the centre of the original sample as outlined by Learmonth (2006) who reported no evidence of FA oxidation in the core of blubber of harbour porpoises stored at -20°C for 566 d.
Deposition of dietary lipids in the blubber will depend on the nutritional status of the animal: it is expected that a substantial amount of the FAs ingested above the metabolic requirements will be deposited in the blubber, whereas the extent to which deposition of dietary FAs occurs during periods of negative energy balance is unclear. Thus, the blubber FA signatures are more likely to reflect dietary FAs in animals in positive energy balance (e.g. Kirsch et al. 2000) . LF are thought to be the segment of the population with the highest metabolic constraints, and the lactating NZ sea lions, captured and weighed on land, had stabilized or were gaining mass at a 1 mo interval during the first months of the lactation period (B. L. Chilvers unpubl. data). Furthermore, the blubber thickness of the bycaught sea lions studied (Table 1 ) was comparable to captive adult female Steller sea lions kept on a maintenance diet (Mellish et al. 2007 ). Thus, we believed that sea lions caught were in positive energy balance and depositing dietary FAs.
Moreover, deposition and mobilisation of blubber lipids have been shown to vary with the body region in otariid seals (Arnould et al. 2005 , Mellish et al. 2007 , while phocids present a more uniform fat distribution (e.g. Ryg et al. 1988 , Mellish et al. 2007 ). The uniformity of fat distribution is believed to minimize heat loss to the environment by optimising insulation efficiency (Ryg et al. 1988 ). Otariids do not have extended periods of fasting like phocids, thus blubber fat may have a less important role in term of insulation (Mellish et al. 2007) , resulting in heterogeneity of fat distribution with preferred depot sites along the body. Blubber samples were taken from the sternum region because the thickness of the blubber over the sternum is positively correlated with body mass (Massey University unpubl. data), suggesting that this region is a fat depot when sea lions are in positive energy balance.
Variation in FA profiles among sex categories
The interactions between sex and year were limited to 2 dietary FAs (20:5n-3 and 22:5n-6). Thus, the variation in FA profiles between the sex categories was consistent within each year, and each factor has been interpreted separately. LF and NLF did not show any significant difference in their FA composition (Table 2 , Fig. 1 ). However, lactation is the most energetically demanding period of mammalian reproduction (Oftedal, 1984) , and marine mammals are no exception (Costa et al. 1986 , Williams et al. 2007 ). Lactating marine mammals are thought to mobilize substantial quantities of lipids into milk, affecting their blubber FA profiles (e.g. Wheatley et al. 2007 , Montie et al. 2008 . Similar FA profiles between LF and NLF show that blubber FAs in the sternum region were not mobilized to produce milk. Instead, sternal blubber is likely to represent dietary lipids, and in this case, NLF displayed the same diet as lactating conspecifics. Indeed, LF are seen to have high site fidelity to foraging areas, which is thought to represent long-term learnt foraging behaviour (Chilvers in press); therefore, it is expected that this forage fidelity would continue even when not rearing a pup.
Concerning variation between sexes, the GLMs (Table 2, Table 3 ) and the DFA (Fig. 1 ) demonstrated significant differences between FA profiles of females and males by-caught by the squid fishery at the Auckland Islands: percentages of individual FA in males were significantly different (p < 0.05) from those in LF and NLF in 11 out of 30 FAs (Table 2) . Although some caution is necessary as the percentages are not independent values, these results were confirmed by a second GLM on the PCs (Table 3 ) and the DFA (Fig. 1) . These variations result from the combination of different diet and different metabolism. Indeed, males caught by the fishery were generally heavier than females, which give them the ability to dive deeper at the edge or to stay longer at the bottom of the shelf than females, exploiting different resources or similar food in different proportions. The main FAs causing the separation between females and males in the DFA were 20:1n-9 and 22:1n-11 in higher proportions in females and 16:3n-4 in higher proportions in males (Fig. 1) . FA compositions of several species of fish, cephalopods and crustaceans from the Auckland Islands shelf have been examined (L. Meynier unpubl. data) and indicate that the relative amount of 16:3n-4 is higher in deep-benthic species, while the reverse trend occurs for 20:1n-9 and 22:1n-11 in demersal fish. Therefore, if most of the FA variation is influenced by the diet, males would feed on more deep-benthic prey than the females do. This is consistent with foraging studies comparing female and male otariids, for which males displayed deeper dives than females (e.g. Page et al. 2005a , Staniland & Robinson 2008 . However, a previous study on the stomach contents of the same individuals studied here did not show such a trend: dietary differences between males and females were limited to the proportions of opalfish, a benthic prey living on the shelf, which was in higher proportion in the stomach contents of females (L. Meynier unpubl. data). But these differences may have been underestimated because stomach contents give a limited picture of the diet over several days only, which will not reflect long-term dietary differences between female and male NZ sea lions. Furthermore, part of the FA variation between sexes is likely to originate from differential metabolism. Indeed, a larger mass for males implies a higher maintenance metabolism (Costa 1991) , which can result in a greater FA mobilization in the sternal blubber than in females. To date, there is no information on the differential use of fat depots between male and female otariids. Thus, it is difficult to draw any conclusion on the dietary differences between NZ sea lion males and females inferred from blubber FA profiles as long as no foraging and diving data are available for males. So far, LF are the only segment of the population for which foraging and diving behaviours are known (Chilvers et al. 2005 . It must be pointed out that males analysed here were mainly non-territorial during breeding and were caught in the same area as females, thus they were not representative of territorial males. Territorial males tend to disperse to distant regions after breeding (Robertson et al. 2006) and are rarely caught by the squid fishery around the Auckland islands.
Year variation in FA profiles
Although the DFA was not performed on years due to a small sampling size, both GLMs showed differences in the FA profiles of by-caught sea lions between years (Tables 2 & 3 (Table 2) . As discussed above, the variation in blubber FA profiles between years may be caused by both differential metabolism and different diet. Differential FA metabolism between years could arise from animals in different body condition. The blubber thickness was significantly lower in the combined years 2005/2006 than in 2000 (Table 1) ; thus, the differences in FA profiles noticed between these years can be the result of different FA mobilization in the sternal blubber. However, significant variation in Inter-annual and seasonal variation in the diet of the NZ sea lion males has already been investigated through the analysis of faeces (Lalas 1997 , McMahon et al. 1999 , Childerhouse et al. 2001 ). Seasonal differences in the diet were found only at Otago Peninsula, South Island, NZ (Lalas 1997) , and were attributed to changes in prey availability. Indeed, NZ sea lions are considered generalist predators, and the changes noticed in the present study between the combined years 2005/2006 and the previous years, and also between 2000 and 2004, may be interpreted by a variation in prey stocks availability on the Auckland Islands shelf. However, information on fish and squid populations and their variation around the Auckland Islands are nonexistent. Therefore, it is currently not possible to validate the hypothesis of a change in prey availability between 2000 and 2006.
CONCLUSIONS
In the present study, significant differences in the blubber FA compositions between male and female NZ sea lions, and between years from 2000 to 2006, were detected. These differences are likely to be the result of both metabolism and diet. Because of different metabolic requirements, an ability to dive deeper and a lack of investment in pup rearing, male NZ sea lions would utilise food resources differently, explaining some of the differences in FA profiles between the sexes. However, these differences were probably underestimated, as territorial males, with a significant higher mass than females, were not represented in the present study. FA metabolism in the blubber is still poorly understood, thus limiting the potential of FA signature analysis to infer diets of animals in different nutritional or reproductive states (e.g. females versus males, LF versus NLF). However, this method can overcome some biases encountered in traditional dietary techniques. Thus, FA analysis must be seen as a complementary tool to stomach and faeces analyses, along with foraging telemetry studies to assess the feeding ecology of marine mammals. 
